Introduction
The retinoids are natural and synthetic derivatives of vitamin A that regulate a variety of important cellular functions. A strong rationale exists for the use of retinoids in cancer therapy and chemoprevention based on preclinical, epidemiological, and clinical findings, as reviewed by Hong and Itri (1994) , Hong and Sporn (1997) , and Nason-Burchenal and Dmitrovsky (1999) . Preclinical studies, first reported by Wolbach and Howe (1925) , indicated that vitamin A-deficient rodents developed squamous metaplasia. These metaplastic changes in the lung were reminiscent of alterations found in smokers, and were reversed by vitamin A repletion. Experimental animal model studies revealed retinoid chemopreventive effects on the epithelium of tissues exposed to chemical mutagens (Moon et al., 1994) . Epidemiological evidence indicated an inverse relationship between cancer incidence at specific sites and serum vitamin A or b-carotene levels, as reviewed by Hong and Itri (1994) .
These findings provided a basis for the use of retinoids in clinical cancer chemoprevention. Preneoplastic diseases including oral leukoplakia, cervical dysplasia, and xeroderma pigmentosum have been successfully treated with retinoids, as reviewed by Hong and Sporn (1997) , Nason-Burchenal and Dmitrovsky (1999) , and Sun and Lotan (2002) . Retinoids have also been reported to reduce second malignancies in the liver or aerodigestive tract and in the breast (Hong and Sporn, 1997; NasonBurchenal and Dmitrovsky, 1999; Sun and Lotan, 2002; Kitareewan et al., 2003) . Retinoids were also shown to be active in the treatment of certain malignancies such as acute promyelocytic leukemia (APL), juvenile chronic myelogenous leukemia, mycosis fungoides, Kaposi's sarcoma, and high-risk neuroblastoma, as reviewed by Cheer and Foster (2000) , Reynolds and Lemons (2001) , and Kitareewan et al. (2003) . When combined with interferon-a2A, 13-cis-retinoic acid is active in the treatment of specific epithelial malignancies that include squamous cell cancers of the skin or cervix, and advanced renal cancer (Moore et al., 1994; Berg et al., 2000) .
These and other findings anticipated the broad activity of retinoids in cancer therapy or chemoprevention. In contrast to the reported beneficial clinical effects that are summarized in Table 1 , evidence of intrinsic or acquired resistance has limited retinoid clinical activity. Recent randomized clinical trials using b-carotene or classical retinoids have not shown a benefit in reduction of primary or second lung cancers, especially in smokers (Khuri and Lippman, 2000; Lippman et al., 2001) . Mechanisms responsible for the biological effects of retinoids are not fully understood. For this reason, models have been established to identify anticarcinogenic pathways activated by retinoids in defined cellular systems. Critical for their rational use in the clinic is the identification of mechanisms of intrinsic or acquired resistance to retinoids (Figure 1 ). This knowledge should predict those most likely to benefit from retinoid therapy, and provide strategies to optimize single-agent or combination retinoid regimens to overcome resistance. This review summarizes retinoid resistance mechanisms and potential strategies to overcome or reduce the clinical impact of this resistance.
Mechanisms of retinoid actions
Retinoids are needed for normal embryonic development through postnatal development, and in adult life for vision, growth, immune function, reproduction, and homeostasis for diverse tissues. All-trans-retinoic acid (RA) activates the classical nuclear retinoic acid receptors (RAR), while 9-cis-retinoic acid activates the RAR and nonclassical nuclear retinoid X receptors (RXRs), as reviewed by Piedrafita and Pfahl (1999) and Kitareewan et al. (2003) . There are six genes encoding retinoid receptors: RARa, RARb, and RARg, as well as RXRa, RXRb, and RXRg. Multiple receptor isoforms exist through the alternate usage of splice sites and promoters. The ligand-binding domains of RARs and RXRs are distinct, and can be pharmacologically targeted separately, as shown in Table 2 . RARs can heterodimerize with RXRs, while RXRs heterodimerize with other nuclear receptors, including the thyroid hormone receptors (TR), vitamin D receptor (VDR), and peroxisomal proliferator activated receptor (PPARg), among others, as reviewed by Kitareewan et al. (2003) .
RAR-RXR heterodimers bind to specific genomic DNA sequences designated as retinoic acid response elements (RARE), which are characterized by two half sites with the consensus sequence AGGTCA. These are generally arranged as direct repeats (DR) separated by two or five nucleotides. Other RXR heterodimers bind to similar half sites with different preferences for spacing and orientation, as reviewed by Rastinejad (2001) . Direct target genes of retinoid receptors have been described, including genes involved in retinoid signaling such as RARb, CRBP II, and CRABP II, as well as transcription factors or cofactors including Oct3/4, Hoxa1, and Hoxb4. Other candidate retinoid targets have been reviewed (McCaffery and Drager, 2000) , and with the advent of microarray-based technology the complement of RA-regulated genes should be uncovered. Initial microarray data revealed novel as well as previously recognized candidate retinoid target genes, and confirmed the expected cell context differences (Tamayo et al., 1999; Lian et al., 2001; Dokmanovic et al., 2002; Freemantle et al., 2002; Houldsworth et al., 2002) . Figure 1 Potential mechanisms of RA resistance. Cellular retinoid resistance may occur through (1) increased P450 catabolism, (2) drug export (P-glycoprotein (Pgp) mediated?), (3) sequestration of retinoids by CRABPs or other proteins, (4) decreased expression of RARs through promoter methylation, as depicted (M), (5) persistent histone deacetylation, (6) RAR rearrangement or mutation in the RAR ligand-binding domain, (7) coactivator alteration, or (8) alterations downstream of target gene expression
In the absence of ligand, RXR-RAR heterodimers are bound to DNA in complex with corepressors that actively repress transcription. Silencing mediator of RAR and TR (SMRT) and nuclear receptor corepressor (NCoR) were the first members of the repressor complex identified (Chen and Evans, 1995; Horlein et al., 1995) . Transcriptional repression occurs through recruitment of histone deacetylases (HDAC) that prevent opening of chromatin associated with deacetylation of nucleosomes, as reviewed by Xu et al. (1999) , Privalsky (2001) , and Urnov et al. (2001) .
Upon ligand binding, corepressors are released and several multiprotein coactivator complexes are recruited to activate transcription. CREB-binding protein (CBP) and p300 associate with nuclear receptors in a liganddependent manner, and have intrinsic histone acetyltransferase (HAT) activity. The p160 family of coactivators interacts with ligand-activated receptors to enhance transcription. A novel arginine methyltransferase (CARM1) was recently found to be associated with p160 coactivators, and to methylate histone H3 and other coactivators (Xu et al., 2001) . Comprehensive reviews of coactivators have been previously published (Naar et al., 2001; Rachez and Freedman, 2001; Rosenfeld and Glass, 2001) .
The TRAP/DRIP complex was isolated by affinity purification of proteins bound to activated VDR and TR (Fondell et al., 1996; Rachez et al., 1999) . This complex consists of at least nine proteins and, unlike the previously discussed coactivators, is devoid of HAT activity. The ligand-dependent binding of this complex is through a single subunit (DRIP205/TRAP220). Other components of the complex contain part of the 'mediator complex' that interacts directly with the basal transcriptional machinery, including RNA polymerase II. Complexes with ATP-dependent chromatin-remodeling activity, from the SWI/SNF family, associate with nuclear receptors in a ligand-dependent manner (Wallberg et al., 2000) . Distinct complexes have been isolated, and a recent study found that the remodeling complex designated PBAF is required for transcription through ligand binding to nuclear receptors .
The metabolism and distribution of retinol is tightly controlled by intracellular and extracellular binding proteins and by metabolizing enzymes, as reviewed by Blaner et al. (1999) . Several components are directly regulated by retinoids, acting as a feedback mechanism to affect retinoid response. The cytochrome P450-dependent retinoic acid-4-hydroxylase enzyme that affects retinoid metabolism is rapidly induced in the liver and other tissues following retinoid treatment (White et al., 1997) . Also induced are the cellular retinoid-binding proteins (CRABP-I and CRABP-II). CRABPs function in retinoid storage and transport from the cytosol to the nucleus, and may exert other effects.
Key aspects of the retinoid-signaling pathway are illustrated in Figure 1 . Alterations associated with retinoid resistance are displayed. Despite advances in understanding how retinoids induce transcription, much less is known about downstream targets that signal retinoid biological effects. Microarray expression profiling has permitted the identification of candidate retinoid target genes and the complex network of signals that generate retinoid biological effects in different cell contexts (Tamayo et al., 1999; Lian et al., 2001; Dokmanovic et al., 2002; Freemantle et al., 2002; Houldsworth et al., 2002) . Of the retinoid-responsive malignancies, mechanisms responsible for RA response and resistance have been most extensively studied in APL, and these are summarized in the next section.
Retinoid response and resistance in APL
RA has dramatically changed the clinical course of APL (FAB M3) from one that was highly lethal to one that now appears highly curable, as reviewed by NasonBurchenal and Dmitrovsky (1996) , Tallman and Nabhan (2002), and Kitareewan et al. (2003) . Prior to inclusion of RA, conventional anthracycline therapy for APL resulted in long-term remission in a subset of cases. With combined RA and chemotherapy, long-term remissions occur in almost 70% of cases, although a minority of APL cases exhibit intrinsic or acquired resistance to RA or anthracycline-based therapies. RA intervention in APL has been particularly valuable in illuminating mechanisms of retinoid resistance. Most APL cases present with the reciprocal t(15;17) translocation resulting in the fusion product PML-RARa . Nearly all cases that are PML-RARa positive undergo complete clinical remission with RA monotherapy through induction of granulocytic differentiation. However, many patients will relapse with disease that is often resistant to a second clinical remission with RA. This acquired resistance occurs even in those patients on continuous RA therapy. Two mechanisms of pharmacological resistance have been implicated. One involves catabolism of RA through the P450 system, and the other involves induction of cytoplasmic-binding proteins that sequester RA. These mechanisms may cooperate to reduce plasma RA levels following treatment, as reviewed by Gallagher (2002) . Genetic mechanisms of RA resistance also exist. These include intrinsic resistance, as is found in the rare t(11,17) APL cases that express PLZF-RARa, as well as in acquired resistance that occurs with the appearance of mutations in the ligand-binding domain of the RARa portion of PML-RARa, as reviewed by Melnick and Licht (1999) , Slack (1999) , and Gallagher (2002) . An improved understanding of the mechanisms of retinoid resistance in APL should provide insights into strategies to overcome this resistance in APL, and perhaps other malignancies that are currently refractory to retinoidbased therapy.
Mechanisms of retinoid response in APL
There has been an intense interest in the role of PMLRARa in RA response in APL, as reviewed by Slack (1999) and Piazza et al. (2001) . PML-RARa plays an etiological role in leukemogenesis, as well as a central role in mediating RA response in APL. PML-RARa acts in a dominant-negative manner to inhibit wild-type RARa activity. This is due to transcriptional repression mediated by a stable association of PML-RARa, with HDAC containing corepressor complexes that are resistant to physiologic levels of RA. This results in transcriptional repression of the program required for granulocytic maturation of APL blasts He et al., 1998; Lin et al., 1998) . In contrast, therapeutic levels of RA dissociate the corepressor complex and recruit coactivator complexes, restoring the regulation of target genes. It has been proposed that PML-RARa inhibits normal PML function (Piazza et al., 2001) . PML has tumor-suppressive properties, but it does not bind DNA directly. It does possess domains consistent with a transcription factor. The precise role of PML inhibition in the pathology of APL needs to be understood, since other transcription factors (PLZF, NuMA, NPM, and STAT5b) can substitute for the PML portion of PML-RARa in rare APL cases that express variant translocation products (Melnick and Licht, 1999; Zelent et al., 2001) .
Transgenic PML-RARa expression causes abnormal myelopoiesis or leukemia, with long latencies that implicate cooperating alterations in leukemogenesis (Early et al., 1996; Brown et al., 1997; Grisolano et al., 1997; He et al., 1997) . Notably, promyelocytic leukemia triggered in PML-RARa transgenic mice responds to RA treatment. RA-resistant NB4 APL lines that no longer express PML-RARa fail to differentiate despite RA treatment (Dermime et al., 1993) . This illustrates the important role of PML-RARa in mediating RA response. Consistent with this, PML-RARa-transfected U937 cells have an enhanced response to RA-mediated differentiation (Testa et al., 1994) . PML-RARa can sequester RXR through heterodimerization, leading to aberrant partnering of RXR with RAR and with other nuclear receptors. The PML portion of PML-RARa can also induce the formation of homo-oligomers with enhanced corepressor-recruiting activity leading to transcriptional silencing (Lin and Evans, 2000) .
Mechanisms of retinoid resistance in APL
RA therapy in APL has been associated with preclinical and clinical evidence of multifactorial mechanisms of resistance. Pharmacokinetic studies demonstrated that sustained RA treatment induced a catabolic response associated with reduced plasma RA levels (Warrell, 1993) . RA metabolism occurs through the cytochrome P450 system that is induced in the liver and target tissues following RA treatment. Treatment with P450 enzyme inhibitors can inhibit the anticipated decline in peak plasma RA levels, as reviewed by Njar (2002) . A novel P450 enzyme, CYP26, is an RAR target, and can mediate the conversion of RA to its major 4-hydroxy and 4-oxo RA metabolites (White et al., 1997) . This implicates CYP26 as a mediator of RA metabolism autoregulation. APL cases may exhibit resistance due to the induction of cytosolic binding proteins that sequester RA (Cornic et al., 1994) . Intermittent RA therapy may limit the emergence of pharmacological resistance (Gallagher, 2002) . Since RA resistance is frequent in APL, RA has been combined with cytotoxic chemotherapy.
Decreased availability of RA in APL
Conventional APL therapy combines RA with anthracyclines, agents known to induce multidrug resistance. The role of P-glycoprotein (Pgp) in mediating RA resistance in APL has been investigated. APL cells express lower Pgp levels than retinoid unresponsive subsets of AML (Paietta et al., 1994 ). Yet, conflicting evidence exists for the involvement of Pgp in mediating retinoid resistance in APL. Pgp expression is increased in RA-resistant HL-60 cells relative to sensitive cells, and RA response could be partially restored by verapamil treatment (Kizaki et al., 1996) . Ribozymes that target MDR1 also conferred increased retinoid sensitivity in RA-resistant HL60 cells (Matsushita et al., 1998 ). Yet, evidence for differential RA uptake in RAsensitive as compared to resistant APL cells was not found when examined in primary versus RA-relapsed cases (Takeshita et al., 2000) . No differences were reported in intracellular RA levels between wild-type, RA-resistant, and MDR1-transfected NB4 cells (Takeshita et al., 2000) .
An alternative proposed mechanism that reduced RA levels in APL cells involved induction of the cytoplasmic binding protein CRABPII, leading to RA sequestration.
The CRABPII promoter contains a retinoid response element that leads to CRABPII induction after RA treatment. Initial evidence in APL cases suggested that increased expression of CRABPII was associated with relapsed APL (Delva et al., 1993) . However, a larger study did not confirm this association (Zhou et al., 1998) . CRABPII may be a positive regulator of RA signaling through direct delivery of RA to nuclear RARs, and thereby serves as a coactivator (Budhu and Noy, 2002 ). The precise role of CRABP species in retinoid response and resistance still needs to be determined, since CRABPI and CRABPII knockout mice do not exhibit major defects in RA metabolism or homeostasis (Lampron et al., 1995) .
PML-RARa degradation
A hallmark of RA response in APL is PML-RARa degradation that could reverse PML-RARa oncogenic effects (Yoshida et al., 1996; Nervi et al., 1998) . Proteasomal inhibitors prevent PML-RARa proteolysis, despite RA treatment, implicating a proteasomal pathway in this degradation, although caspase-mediated degradation may also play a role (Yoshida et al., 1996; Nervi et al., 1998 ). An RA-resistant NB4 cell line had altered ability to degrade wild-type PML-RARa despite RA treatment, also indicating the involvement of the proteasome degradation pathway in retinoid response (Nason-Burchenal et al., 1997) . Persistent PML-RARa expression and RA resistance are found in other RAresistant APL cell lines, as reviewed by Gallagher (2002) . One potential mechanism for this degradation involves the ubiquitin-activating enzyme E1-like protein (UBE1L), which is a direct RA target. Transfection of UBE1L results in PML-RARa degradation, and in NB4 cells triggers apoptosis but not differentiation (Kitareewan et al., 2002) . Evidence that PML-RARa is an antiapoptotic factor that promotes APL survival was found by ribozyme targeting of PML-RARa that triggered apoptosis (Nason-Burchenal et al., 1998) . These findings were consistent with previous work indicating that RA promotes ubiquitination and degradation of G1 cyclins and Cdk4 during retinoid-induced differentiation or growth suppression, as reviewed by Dragnev et al. (2001) . Interestingly, an RA-resistant NB4 line that failed to express PML-RARa showed restored RA response upon proteasome inhibition of PML-RARa degradation (Fanelli et al., 1999) . Together, these findings underscore the dual role of PMLRARa in APL. PML-RARa is an antiapoptotic and oncogenic factor that blocks maturation at physiologic RA levels, but PML-RARa is required in maturation induction at pharmacologic levels of RA. The precise mechanism and biological impact of RA-mediated degradation of PML-RARa awaits further study.
PML-RARa mutations
RA resistance was associated with mutations of the ligand-binding domain of RARa in an RA-resistant subclone of the HL-60 myeloid leukemia cell line (Collins et al., 1990) . Subsequently, several RA-resistant NB4 APL cell lines were shown to contain mutations in the ligand binding E domain of PML-RARa, as reviewed by Gallagher (2002) . These mutations appear to cluster in two regions that are at or near residues in direct contact with RA, based on crystallographic analysis. Several of these mutations have been shown to disrupt RA binding to PML-RARa, but retain the ability to heterodimerize with RXR and bind DNA, and thereby confer dominant-negative activity. This was shown to be associated with constitutive binding of the SMRT corepressor (Shao et al., 1997) . Mutations in the ligand-binding domain of PML-RARa were also found in APL cells isolated from RA relapsed cases, as reviewed by Gallagher (2002) . These mutations are variably associated with loss of RA binding and dominant-negative activity. Only a subset of RArelapsed APL cases have PML-RARa mutations. Future studies with larger series of RA-resistant APL cases should clarify the clinical impact of PML-RARa mutations in APL.
Increased histone deacetylation
Complex transcriptional machinery is involved in nuclear receptor function (Naar et al., 2001; Rachez and Freedman, 2001; Rosenfeld and Glass, 2001 ). Four classes of multiprotein complexes are involved in mediating the RAR/RXR signaling. These are the HDAC-associated corepressor, histone acetylase-associated p160 coactivator, DRIP/TRAP, and the chromatin-remodeling Swi/Snf complexes. Acetylation, methylation or phosphorylation of specific residues in histone tails caused by these complexes control the gene transcriptional activity of nuclear receptors. Alterations in corepressors and coactivators have been associated with other malignancies, but have not yet been reported in APL (Carapeti et al., 1998) . Dominant-negative effects of specific RARa fusion proteins have been associated with increased affinity for corepressors He et al., 1998; Lin et al., 1998) . Thus, signaling is constitutively repressed by corepressor-associated HDAC activity at physiologic RA levels, leading to transcriptional silencing and a maturation block. Corepressor association with PML-RARa is disrupted and differentiation induced at pharmacologic RA dosages. This is a mechanism for the oncogenic properties of PML-RARa and for the therapeutic activity of RA in APL. The structural basis for pharmacologic RA dissociation of corepressors has not yet been elucidated. Prior reports found that the affinity of RA for RARa and PML-RARa were similar .
Intrinsic RA resistance in PLZF-RARa-expressing APL cases appears due to a second corepressor-binding site on PLZF, resulting in constitutive association of PLZF-RARa with the corepressor complex, despite pharmacologic RA doses (He et al., 1998; Lin et al., 1998) . Cellular and transgenic models expressing PLZFRARa have shown that combining RA with HDAC inhibitors can restore transcriptional activation to PLZF-RARa, and subsequent maturation response in promyelocytic leukemia (He et al., 2001) . RA in combination with an HDAC inhibitor induced clinical remission in RA-relapsed PML-RARa and RA refractory PLZF-RARa-expressing APL cases (Petti et al., 2002; Zhou et al., 2002) . Primary blasts from leukemic cells derived from AML cases treated with HDAC inhibitors restored RA-dependent transcriptional activation and triggered terminal differentiation (Ferrara et al., 2001) . This indicated that HDAC inhibition combined with RA is a potential strategy for differentiation-based therapy of AML and perhaps other malignancies currently refractory to single-agent retinoid treatment.
RA resistance in APL has also been linked to a loss of induction of p21 or transglutaminase, as reviewed by Ozpolat et al. (2001) . RA-induced differentiation in APL and other tumors is associated with repression of telomerase activity (Albanell et al., 1996; NasonBurchenal et al., 1997; Pendino et al., 2002) . PML is localized to nuclear multiprotein complexes designated as PML oncogenic domains (PODs), which are disorganized in APL and reorganized by RA treatment of APL cells. This is disrupted in RA-resistant NB4 cells (Nason-Burchenal et al., 1997) . Further studies are warranted to address the impact of this disruption in RA resistance in APL.
Retinoids and solid tumors

RARb as a tumor suppressor
To identify why preclinical retinoid activity did not readily translate into clinical responses, the retinoidsignaling pathway was studied in normal and neoplastic tissues. In situ hybridization was used to compare retinoid receptor expression profiles in head and neck squamous cell carcinomas, dysplastic lesions, adjacent normal tissues, and in tissues from normal volunteers (Xu et al., 1994) . RARa, RARb, and RARg and RXRa and RXRb mRNAs were expressed in all samples from normal volunteers. The levels of RARa and RARg and RXRa and RXRb mRNAs were similar to that in most of the adjacent normal, hyperplastic, dysplastic, and malignant tissues. However, RARb mRNA levels were detected in only 70% of dysplastic and adjacent normal tissues, and were repressed further in dysplastic and malignant epithelium. RARb repression was also found in preneoplastic oral cavity lesions , non-small-cell lung cancer (Castillo et al., 1997; Xu et al., 1997a; Picard et al., 1999) , breast cancers (Widschwendter et al., 1997; Xu et al., 1997b) , and esophageal cancer (Qiu et al., 1999) . Other retinoid receptors were expressed in these tissues, but only RARb levels were significantly lower in the premalignant and tumor tissues. The correlation of RARb repression with epithelial carcinogenesis led to the hypothesis that RARb could act as a tumor suppressor. This view was supported by experiments where RARb was overexpressed in cell lines. In retinoid-sensitive human lung carcinoma cells, constitutive overexpression of RARb2 inhibited cellular proliferation (Houle et al., 1993) . In a retinoid-resistant human lung cancer cell line, only overexpression of RARb2 sensitized these cells to retinoids.Clonesstablyoverexpressing RARa1orRARb1 did not exhibit growth inhibition when treated with RA (Si et al., 1996; Toulouse et al., 2000) . These studies were extended to the in vivo setting, whereby RARb antisense expression in transgenic mice increased pulmonary tumors as compared to controls (Berard et al., 1996) .
RARb expression is selectively lost in premalignant oral lesions, and can be restored by RA treatment . The restoration of RARb expression was associated with a clinical response, suggesting a role for RARb both as a mediator of RA response and as a biological marker in chemoprevention trials . This was confirmed in renal cancers, where upregulation of RARb correlated with response to 13-cis-retinoic acid and interferon-a-2a (Berg et al., 1999) . Thus, an agent that can induce RARb expression should be considered for evaluation in the treatment of epithelial malignancies.
A frequent mechanism of RARb repression was found to involve DNA methylation-induced silencing (Cote and Momparler, 1997) . By sequencing the bisulfite-modified DNA of tumor cells, specific 5-methylcytosine residues, in the region of À46 to þ 251 bp from the transcription start site of the RARb2 gene, were mapped (Cote and Momparler, 1997; Cote et al., 1998; Virmani et al., 2000) . Tumor-specific hypermethylation of the RARb2 promoter has been found in diverse epithelial malignancies (Hayashi et al., 2001; Nakayama et al., 2001; Ivanova et al., 2002; Kwong et al., 2002) . These findings implicated DNA methylation as a marker for early carcinogenesis. PCRbased methylation assays performed in sputum samples have supported this viewpoint (Palmisano et al., 2000) . Use of a demethylating agent combined with a classical retinoid has been proposed to overcome resistance due to RARb silencing, as will be discussed.
Loss of histone H3 acetylation was associated with retinoid resistance in the presence and absence of RARb2 hypermethylation, indicating that multiple mechanisms could repress RARb (Suh et al., 2002b) . Pharmacological inhibition of chromatin acetylation is under investigation to restore retinoid sensitivity. Other mechanisms engaged in RARb suppression could include loss of coactivators (Moghal and Neel, 1995) or aberrant nuclear receptor expression (Wu et al., 1997) . Repression of RXRb has been associated with poor prognosis in non-small-cell lung cancer (Brabender et al., 2002) , implicating the altered expression of other retinoid receptors in retinoid resistance.
Although RARb silencing is associated with increased tumorigenicity in certain cell types, other cell contexts depend on different retinoid receptors for retinoid response. For example, in NT2/D1 human embryonal carcinoma cells, RARg is required for retinoid-mediated differentiation (Spinella et al., 1998; Kitareewan et al., 1999) . The retinoid-resistant NT2/D1-R1 cell line exhibits RARg repression that is not overcome by RA treatment (Moasser et al., 1994) . Only by introducing RARg into NT2/D1-R1 cells can the differentiation response be restored. In contrast, in RA-resistant HL-60 myeloid leukemia cells, where retinoid resistance can be attributed to an aberrant retinoid receptor, mutations occur in RARa (Collins et al., 1990; Robertson et al., 1992; Li et al., 1994; Brigati et al., 1999; Mori et al., 1999) . Thus, specific retinoid receptors confer cell-and tissue-dependent retinoid response.
Alternate mechanisms of retinoid resistance
Repression of RARb is viewed as a critical step in epithelial carcinogenesis. The high frequency of RARb repression in epithelial carcinogenesis has not excluded the presence of other potentially cooperating mechanisms of retinoid resistance. The possibility that other frequent oncogenic events induce retinoid resistance has been examined. For example, aberrant expression of p53 was linked to clinical resistance to 13-cis-retinoic acid . Consistent with this finding, studies of retinoid-resistant embryonal carcinoma cells found that activation of normal p53 function was required for retinoid-mediated differentiation and cell cycle arrest (Curtin et al., 2001) . Deregulation of c-myc was associated with retinoid resistance in neuroblastoma cells . Retinoid-mediated repression of c-myc by RA treatment was observed in some models (Miller et al., 1990; Dimberg et al., 2002) , while retinoids induced c-myc in others (Guernsey and Yen, 1988) .
Breast cancers are classified based on estrogen receptor (ER) status. Breast cancers that no longer depend on estrogen for proliferation are often resistant to retinoids (van der Berg et al., 1993) . Overcoming this resistance could increase the therapeutic activity of retinoids in breast cancer. Evidence exists for retinoid activity in suppressing breast carcinogenesis. Nearly 3000 women with stage I breast cancer were randomized to the nonclassical retinoid N-(4-hydroxylphenyl)retinamide (4-HPR) versus no intervention (Torrisi and Decensi, 2000) . The incidence of contralateral breast cancer and local recurrence were compared between groups, and overall results indicated no chemopreventive activity for 4-HPR. However, decreased incidence of contralateral breast cancer and decreased incidence of local recurrence in premenopausal women were observed (Torrisi and Decensi, 2000) . There was also a trend for ER-negative tumors benefiting less from 4-HPR therapy than ER-positive tumors. These responses could be due to crosstalk between the retinoid and estrogen-signaling pathways. Selective ER modifiers (SERMs), such as tamoxifen, have proven chemopreventive activity in breast cancer, as reviewed by Zujewski (2002) . There is evidence that retinoids and SERMs in combination will act synergistically in the chemoprevention of breast cancer, and this is discussed below (Suh et al., 2002a) .
Intrinsic retinoid resistance has also been linked to levels of reactive oxygen species in some cells. Oxidative states diminished, whereas reducing conditions enhanced DNA binding of RXR/RAR heterodimers in vitro (Demary et al., 2001) . Through gain and loss of function studies, it was determined that CRABP-II regulated retinoid response in human mammary carcinoma cells. Reduced expression of CRABP-II rendered these cells retinoid resistant (Budhu and Noy, 2002) . Methylation of the CRABP-I promoter occurred in breast tumors, suggesting that this may be involved in epigenetic silencing of retinoid response (Esteller et al., 2002) .
Overcoming resistance
Intrinsic or acquired retinoid resistance has limited the clinical activity of retinoid-based therapy and chemoprevention. Clinical strategies to overcome this resistance include efforts to reduce toxicity, retain bioavailability, and develop effective combination regimens. Other approaches include the use of nonclassical retinoids that have retinoid receptor-independent properties, or that target RXRs that would bypass RARb repression. One example is bexarotene, an RXR agonist (rexinoid), that can trigger effects even in cells that do not respond to a classical retinoid (Heald, 2000) . Other examples of nonclassical retinoids include 4-HPR, CD437, and TAC101, that have reported liganddependent activity for RARs as well as apoptogenic activity that can be ligand independent, as shown in Table 2 .
Since retinoids can induce their metabolism, RA metabolism-blocking agents (RAMBA) such as liarozole have been developed, as reviewed by Njar (2002) . To increase the levels of endogenous retinoids, these compounds were selected to inhibit cytochrome P450-dependent retinoic acid-4-hydroxylase enzyme(s) responsible for RA metabolism. More selective inhibitors of RA metabolism are being developed, for example R116010 which increases RA toxicity in cultured human breast cancer cells and is growth suppressive in an estrogen-independent murine mammary tumor model (Van Heusden et al., 2002) . Another method to address RA metabolism and toxicity include liposomal RA, which was designed to maintain plasma concentrations and to overcome RA resistance in APL. Systemic toxicity can also be avoided by targeting administration to the desired tissue site. Examples of this include immunotargeting of liposomal retinoid formations or aerosolization of retinoids Ozpolat and Lopez-Berestein, 2002) .
Therapies combining retinoids with other agents are currently being evaluated. In preclinical breast cancer chemopreventive studies, the combination of retinoids with SERMs was more effective than either agent alone (Suh et al., 2002a) . 4-HPR with tamoxifen has been evaluated in patients at high risk for breast cancer (Conley et al., 2000) , and it is anticipated that trials combining bexarotene and raloxifene as an alternative retinoid-SERM combination will be initiated. Other potential retinoid regimens include modifiers of ceramide metabolism , docetaxol (Nehme et al., 2001) , arsenic (Calleja and Warrell, 2000) , and melatonin (Nowfar et al., 2002) .
Epigenetic mechanisms of RARb2 silencing include promoter methylation and decreased chromatin acetylation. Unlike DNA mutations or chromosome loss, DNA methylation and chromatin acetylation are reversible biological modifications that can be pharmacologically targeted. There is considerable interest in demethylating agents and HDAC inhibitors for cancer therapy and chemoprevention. The next section reviews the current status of these agents and their potential to reverse intrinsic retinoid resistance.
DNA methylation is now accepted as a contributing factor in human carcinogenesis. There are several mechanisms by which DNA methylation could repress gene transcription: inhibition of activating transcription factor binding, transcriptional repression by methylated DNA-specific binding proteins, and through DNA methyltransferases that have repressor-binding domains, as reviewed by Karpf and Jones (2002) . 5-Aza-2 0 -cytidine (5-aza-CR) and 5-aza-2 0 -deoxycytidine (5-aza-CdR) inhibit DNA methyltransferase 1 (DNMT-1) noncompetitively after incorporation into cellular DNA. 5-Aza-CdR may inhibit the growth of cancer cells by reactivating growth-regulatory genes silenced by de novo methylation (Bender et al., 1998) . In a subset of human lung cancer and breast cancer cell lines and in breast cancer xenografts, RARb2 expression occurred only after demethylation and treatment with RA (Widschwendter et al., 2000; Sirchia et al., 2002; Suh et al., 2002b) . Clinically, 5-aza-CdR and 5-aza-CR have been used to treat certain leukemias and myelodysplastic syndromes (Lubbert, 2000; Christman, 2002; Silverman et al., 2002) . However, they have toxicity, and have not been as effective in other settings. Antisense oligonucleotides and siRNA that target DNMT-1 can hypomethylate DNA and reactivate methylation-silenced genes (Milutinovic et al., 2000; Robert et al., 2003) . A DNMT-1-specific antisense inhibitor is being evaluated in clinical trials. It inhibits the growth of cancer cells in vitro and in preclinical in vivo models, as reviewed by Reid et al. (2002) . Perhaps where RARb2-methylation silencing confers retinoid resistance, a combination regimen with a methylation inhibitor and an appropriate retinoid would restore retinoid response.
Another epigenetic chromatin modification found to affect RARb2 gene expression is acetylation. Repressors of transcription are frequently associated with HDAC activity. Acetylation relaxes chromatin structure, allowing transcriptional activation, and deacetylation closes chromatin structure, repressing transcription. HDAC inhibitors have restored retinoid-dependent transcriptional activation, and triggered terminal differentiation in leukemic cell blasts from AML cases (Ferrara et al., 2001) . AML1/ETO, the most common AML-associated fusion protein, is an HDAC-dependent repressor of retinoid signaling. The fusion of the AML transcription factor to ETO converts it from a transcriptional activator to a repressor, as reviewed by Licht (2001) . These leukemic cells expressed retinoid receptors, but only in the presence of the HDAC inhibitor was retinoid-dependent transcription activated, confirming the association between suppression of the retinoidsignaling pathway and carcinogenesis. This highlights a role for combined transcription and differentiationbased therapies. HDAC inhibitors, including phenylbutyrate and SAHA, are being examined in clinical trials as single agents and as part of combination regimens, as reviewed by Pandolfi (2001) and Johnstone (2002) . At least three of the proteins that bind methylated DNA (MBD1, MBD2, and MeCP2) directly repress transcription and can recruit HDAC, as reviewed by Karpf and Jones (2002) . DNA methyltransferases 1, 3a, and 3b can also recruit HDACs and/or other corepressor proteins. This demonstrates a link between methylation and acetylation, and provides a rationale for use of a combination regimen with demethylating agents and inhibitors of deacetylation.
Conclusions
Retinoids are active in cancer therapy and chemoprevention, but retinoid resistance in the clinic is frequent. Deregulation of retinoid signaling is a common event in carcinogenesis. Epigenetic silencing of RARb or translocation of RARa to form oncogenic fusion proteins are examples of aberrant retinoid-signaling mechanisms. The use of retinoids alone to treat cancer or to prevent the onset of second cancers may not be optimal if suppression of retinoid signaling has already occurred. Early intervention with retinoids might overcome this. Another therapeutic or chemopreventive strategy would be to reverse or inhibit retinoid resistance. This could be achieved by activating key target genes with nonclassical retinoids that bypass resistance, or by use of combination regimens that include demethylating agents or HDAC inhibitors. The challenge for the future is to realize the promise of retinoid therapy by overcoming the consequences of intrinsic or acquired resistance.
